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AN ANALYSISOFTEEI?ACTORSTHATAIWE@’THE’”EXHAU3T-ITKKX3S“., . .““.” . .-

) .
.By John-i:.Steiiftz’~ . ‘-,.

,“ .. . .,...., .. .,.,,.,. ..
, :. SUMMARY...

An“analysisofthefactors.affectingtheex@ustprocess,of“a
four-stroke-cyclereciprocate.ngenginewasmade”by.invest~geti%
theHfect of changesinthesefact~rsu~n tilecalculated’cylind6k
pressureneartheendof the.exhaustperiod..If theeffectsof.the
exhaustpipecanbe neglect@andthe.ve,rj+tion.@ exhaust-valve
flowcoefficieri>withe~ine cranka@le”c.tibe ap~roxinat~by a
sinecurve,thesignificantfactorsaffectingthee@aust:@o-cess
arefoti tobe thegas-velouitypazameter(whichincludesth~.
averagepiston-spe.eddthe~stcm area,thes-peedo-fsoqndinthe
Gasesat theeffectiveexhaust-valveo~eni~engle,tilee*ust-, .
valveflowcoe’fficiatat Waemaxim&valvelift,andtile-nominal
exhaust-valvearea),theititiai gas-pressureratio(T@ichiS the
ratioof thecylimlerpressureat the.effectiveexl%ust~valve
oFening’.pngle‘toth~,ex3haustpressure),ahd”the“effectiveexh’au~t--
valveclosingangle.Thefactors”$bathavean in@nificant&ffect
upontheexhaustprocesswerefoundtobe theeffectiveex??~ust-
valveopeningangle,.thecompression’ratio,”andt’hecrankthrow -
to connecting-rod.lengtli’rati.o~

Theanalysisfurthershowedthat.formostof thepractical
operatingconditions,no optimunratioof.intake-.toexhaust-va-ive
areaexistsandtheintake-manifoldpressuredoesnothavea sig--.,
nificanteffQctupontileexhaustprccess. ., ..

A maxi.mumvalueoftheSas-veldcityparameterequalb @i525
isrecommended.Frcmthisvaluethenininumexhaust-valveqrea
csnhe calculated?oranygiven?istonspeedandpistonarea%

Fromtheanalysisitis conclud~thatC1OSQ theexhaust
valvelateisthe”moste$fehtivemethodofkeq+tagcylinderpres-
surelowneartheendof thee.xhaus’tstroke,as thevalueofthe
gas-velocityparameter isincreased, ..
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Theresultsof thisanalysis,c~ be usedto estimatethecylinder
pressuresat 20°B.T.C.dur~ theexhauststrokeofanyengine.The
magnitudeofthis”esklmatedcylinderpressureis-indicativeofthe
adequacyoftheexhaust-valvesizeandtiming;highvaluesofthis
pressureindicatetheneedforlargerexhaustvalvesordifferent
valvetiming.

INTRODUCTION

An investi~ationwasmadetodeterminethere~ttve_signif-
icanceofthe.factors.thataffecttheexhaustprocess;theeffeots
thatan exhauwt-processc~-e haaon cylinderchargingwere
Givenspecialattentian.Sucha detailedstudyhasnotbeen
reyoriedelsewhereal*hou@a numberof igreatigat,orshaveexperi-
mentedwith.oneor~iotherof thevariousfactors,whicharethe
gas-velocityparameter,theinitialGas-pressureratio,ECM3the
effectiveexhaust-valveclosing-angle.Ananalystsofthesefactora
requiresWe determinationOf theire~i’ec~onthecylinderpressures
nee,rtheendo,ftheexhauststroke.lhesopresswes can be calcu-
latedbymeansofa differonttalequationthatrelatesthepiston
motiontotheflowofgasesthroughtheex%ustvclve.Differential
equc%ionsoftiilsnaturehavebeendovelopodby Kemble(reference1)
buttheformsof theseequationsaresuchthatgeneralconclusions
regardingthevariousfactorsaffectingtheexhsuatiproces~cannot
be determined. .

A generalizedformofthedifferentialequationisyresente~,
whichwassodevelopedthatthecalculatedresultsare.ap~lice,hle
tomostfmr-stroke-cyclereciprocatingen@nesandmaybe wed to
~ive atgeneralconclusio,~re~ardt.ngthere~atlvesi@ficanco
of thevariousfactorsaffectingtineexhaustprocess.Ther~e of
fackoroinvestigatediasufficientto covoranypracticalcasethat
mightariseandspeuialeffort‘hasbeenDadeto $ncludetinelow
initialgas-pressureratiosthatcorrespondtothehighbackpres-—
sums cwently used by
exhaust-gas turbines.

reciprocatinge&inesin combhtlonw~th

EWXBOLS

Thef’olhni.nfjB=wholsareusedin‘&e?aalysis:

Ae nominalexhaust-valvearea,(Sqin.)

Ap pistonarea,(sq in.)

1m.
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exhaust-valveflowcoefficientatemgle 8

averageflowcoefficientofexhaustvalveforsine-wave-
valve-liftcurveapproximation

averageflowcoefficientof exhaustvalveforactualvalve-
liftcurve

exhaust-valveflowcoefficientformaximumvalvelift

speedof soqndat To,(ft/see) ..

nominalvalvediameter,@n.)

1-
r-l

accelerationOYgra’~ityj(ft/8ec2).,
valvelift at ,crankan#.e 6, (in.)

connect--rodlength,(in.)

gasmass,(lb)

enginespeed,(w)

cylinderpressureat crankangle G, (lb/sqin.)

exhaustpressure,(lb/sqin.)

gas-pressureratio

~take-aanif~~pressure,(~b/sq~.)

cylinderpressureat crank angle f30,(lb/sqh.)
in

cylinderpressureat 340°A.T.C.,(lb/sqin.)

gasconstant,(f&lb/lb/%7absolute)
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comn~wssionratio ... .

avemge ipiston,~peed,(ft/min) -

crankthrow,(in.) ,

gastemperature, (’%)

gm tempx-atureat Co,(o?)

time,(see)

gasvolume,(CUh.} . .

clearancevolume,(cu in.)

displacementvolum;,(CUIn.)

crankangle,(radian) ..

ratioof specificheats -.

effectiveexhaust-valveclosinganile,(radkns”A.T.C.)

actualexhaust-valveclosingangle,{reuiansA.T.C.)

effectiveexhaust+alveopeningangle,(radknsA.T.C.]

actualexhaust-valveopciningangle,(radiansA.T.C.)

angularincrement,(radian)

g=i-velocityyarameter

I

.

t..-

—.

—.

AiWLYSIS : .S

TJleassumptionsnecessarytocalculatethecylinderpzzeswros
12UI-5Mtheexhaustprocess,whichhavebeens%tedbyKom”02e
(reference1),are:

3.Themixtureof&ses inthecylindQrcanbe treatedasa
.
.>

getiectgas;

2.T%eprodessunderconsidertitibnc.esibetreatbdas imntropic,“- - “=

.
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3.Therateofflowthroughthee~ust valvecanbe calculated
by theordinaryformulasforsteadyflowt-woughan orificewitlnthe
aidof expertientalvaluesofthee-ust-valveflowcoefficients.

Thethirdassumptionrequiresthattheexhaust-manifoldpres-
surebe known”andbecausethepressurevariationscausedby inertia
effects in 10IW=h.austpips cannotbe accuratelypredicted,~~~e
exhaustmanifoldmustbe of sufficientcapacityor ihe”e-us%jylpes
be sufficientlyshortthatthee~austpressureFe rebains@prox-
izua+iel~constantduringtheexhaust Frocess.

Deri~-ationofdifferential.equatiori.- Thedifferentialequa-
tionusedto calculatethecylinderpressuz-esduringtheexhaust
processhasbeendevelopedby severalinvestigators(forexample
inreference1),butthisequationhasbeenmgdifiedto includean
originalmethodfortreatingtheexhaust-valveflowcoefficient.

Theequationof statefora perfectgasIsgivenby .—

IT
E =IBRT (1)

By takingthed.Wferent5.alof equation(1)withrespecttothecrank
angle e“andnotingthat

equation(1)becomes

Fortheisentropic
temperaturevaries

m dT 121?Tdm dt dV
m=— Td@+———-—PVdtde vd6 (2)

exyansimofthegaswithinthecylindei-jthe
witlathepressureas

* #
,.

(T?) 7 = constant

fromwhichisobtained

(3)

.

--
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By comb~ningequat:ons(2)and(3}

XACATN Ho.1242

(4)

.
(5)

Theequationrelkti~’theflowrate @m/dt tothecylinderpros-
sure p andtheexhkmstmessure Fe tilliieymduponthe
ratio 1?/Pe. DuringWe firet~artoft~eexhaustprocess,the

-l_

.

a.

1

.-

Theflo%-ofqaaisoutcd?thecylinderso“therlowrate,&l/at iEl
negative.

Whenequations(5)and(6)arecomb~.ried ..

(7)

BecauseT aridP arerelate,d by

andthe.speedo.fsoundcorrespmdingtothetem~eya.t’m~.inthecyl-
inderwhentheefiautitvalveoponsis

,——.
%-) =qm q) w
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equation(7,)b~,comes .,..,,.,-.. . .
.,,

ThecylindervolumeV at

v

-.

. . . . . .. . ..

the crankangle 6 is ..

= v~ (f~+ f~) .,(~)
.

voluz.wwithcrankangleisgiven“oy

dV— . VD.f3
lM

“.(lfij
,.

Thefactorsfz”end.r3 sYefwactionebf thecr~ angle,mdthe
ratio.of crankthrow,toconnecting-rodlen&h 9/2.,Valueq‘off2”
and.”f~ canbe obtainedfrcmengineeringhawbookff. - .... _

Whenequations(9)and(10)areeubsiitutedInegu??.tion(8)

dp 360C Ae Co”

F?G=- JtNVD (f1:f2j(?F”/+P -&”’11’ “. -

E@ation(11)isthedifferentialequationthatrelatescylinder
pressuredurin~thefirs,tpartof theexhaustprocesstothedesign
characteristics,thuengineo~eratingcondit,-&Pandthec&mk
anglooftheengine. --,.

During thesexmd.paz-toftheexhaustprocess,thevaluesof
,,

[y+ 1)-.P/Pe arelessthan\ ~ j Consequently,flowthrou&the

val-reissubsonicandtheflowratecorrespondingtoequation(6)is

~=;Ae~7~ “~:~)

Substitutionofthisequationintoequation(5)andintroductionof
thesamemodificationsusedtoderiveequation(11)resu~tIn

..
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Equation(U) i~thedifferetitialeq~tionthatrdateocylinder
pressureduringthesecondpartof theex&ustprocesstothedesign

.-

clmractertst.ics,the”a~g,noap~ratingconditions,andthe.cradsanglo
G.thaengine.-

~~g.l~st.~al~e flowcoefffcie~tC. - tileexhaust-valveflow
-. ..

coeff~nt foraayvalvelif’ti~determinedundersteady-flowcon-
.- —

ditionehymeasuringtherateot-a.ir flowthroughtileexhaustvalve
@ portwitha fixedpressuredropac.rosa,thevalve,Theexhaust-
valveflowcoefficientisthendefined.asttemeasuredrateofair
flowdivided.bythecalculatedrateofaii”flowbaaedupontb.e

?.
—

nominalvalvearea.‘Mencminalvalvearetiis”thesameforall
valvelifteandieequalto fid2/4. Thevtilueof d selectedIs f=
iI?.Wlaterial ina8muchas the~odlld C% ~“e~”inthecalculations
is independentof thevalvediameterso lor&as thevaluesof C
and & arebasedonthe samediameter.

A conpletedescriptionofvalve-flowtestnethod.aandapEa-
tusisgiveninreference2. Theconventionalmethodforplott~ —

valve-flowcoefficientdatayioducosa curyeoflvalve-flowcoeff~-
cientC againsttheratioofvalvelifttovalvedfameterI/d.
Sucha curveispresentedinfigure1 forengineA} whichi.ea

—

typicalhigh-speedaircraftpopp@-velv@gn&ineusedas~“example
inthisreport.Foreveryvalveliftthc%eforea“”vaive-fl-owcooffi-
cientOxists;..acurveofvalve-flowcoefficientagainst&@.ne
crank~le canhe plattediftheveriatloninvalveMft”witi
Ci’~lk angleisbown. Suche curveHasMen plottedinfigure2 .—
fonengine.A.

Thevalve-flowcoefficientsobtainedunderstee,dy-fiowcondl-
.—

tionscanbe usedto celcubtethecylinderpreesure dur:ngthe
exheus+rprocese(intermittent-flowconditions)because(1)the
steady-andintermittent-flowcoefficientsofpopFetValveeare
notappreci.abl~different(reference3).zmd”(2)t~eflowcoe”ffi-

—

clentof exhaustvalvesdoesnotvarya~preciablywith%heproa-
suredropacrossthevalve(reference).

:
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-.
Inorderto expressthevariationin e@a@-valve flowcoeffic-

ient with,enginecrankanglea sine-curveapproximationof the
exhaust-valveflowcoefficientcanbe closelyfittedto theact’uai- “
flow-coefficientcuzzveofnearlyallhigh-speedaircraftengines.
Forthosefewengineswitha variationinexhaust-valveflowcoeffi-
cientthatCu”otbe.approximatedby a sinecurve,thequantitative
resultsof.thlsa’&lysisareinapplicablealtho~hmostofthe
trendsandconclusionsprobablycanbe applied.In ordertofit
thesinecurveto theactualflow-coefficientcurve}i% iSas~~ed
that:

The
the
of

(1)the~alueoftheflowcoefficientat’themaxinnzmvalve
“liftisthesameinbothcases

(2)thetotalareaunderthecurve offlowcoefficient
plottedagainstcragkangleisthesameinbothcases

Fromassumption(1)itfollowsthat

c = C&x Eh lJ&-AJ (14)
L

values of eo and ec dependuponassum~tlon(2)md.uW
=ctualopeningandcloshganglese~ and e;. Thevalues
eO and ec fora specificengineayefoundasfollows:

Theareawaderthecurveof theactuelflowcoeffici&t
plottedagainstcrank angle is

Area= CA (e& - e~) (15)

where CA istheaverageflowcoefficient(reference5). lRr~
equation(14)theareaundertheapproximateflow-coefficientc=e
is

.—

(16)

—

.
By combinationof equatims(15)and(16)

—
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and

(f3&- 8~)- (9C- O.)
2!

(17)
—:

(19)””
1

By substitutionof equation(17) intoequqtio~(18)and(19) --..

and

(8A- e~) ( ~ c;
Oc= e;- -——

2 \’-”2 %ax)

(20)

(21)

inordertoapplytheresultsef th3sanalysistoa qeciflc
engine,knowledgeo;’thevalvetimingse~ @ ~~ andthecoeffi-
cientsCA and %x is?Secessaxy..A comparisonoftheactual
flm-coefficientcurvetiththeapproximateflow-coeff’iciarkcurve
Givenby equation(14)isshowninfigure2 fora typicalaticr&st
engine(engineA).

Finale uations.-
-#-

By substitutionof equation(14)intoequa-
tions~l andwby division0$ thopreaswes@ bctho~~tlcns
‘bytheexhaustpresslu-ePO) andbecausethequantity17VEisequal.
tr 6 S.A2thefollowingequaticmsareob~afned:

—

.
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Forthefirgtpertof theexhaustprccess

f

where

(22)

I
i-f3

}
I

“(i:)

,,.
.~.ndhastiecbsracteristicaof z Mkchnumber.

,.

Gas-’velocityparameter.- The~as-ve~oci.typarameter~ is
impor~atbecauseitrelatesenginespee&_toexhsust-val~earea.
Forexaqle,fromequations(22)end(23)itisevidaat”thatfor
thesameinitialconditionsofe~and-valveope~imgengineqeod
willhan no effectuponthegas-press~eratio P/Pe duringthe
exhauststrckeprovided%iiattheexhaust-val~e-areaandtheflow
coefficientaresoch~ed that 4 remainsconstsat.Thesignif-
tc~ceof # becomesapparentif 2 %K& isreplacedby the
averagevalueof theflowcoefficient~orthesine-curveapproxi-
mationCa. H thiseubetitutioni-smade, $ becomesequalto

—.—

60 CfJ Ca&
.
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Theeffectof
totheintsdce

thisperameteronvolumetric
syetemhasbeendemonstrated

efficiencywhenapplied ~
inreference5. The

pammeterisprohatlyequallytiportant“whenep$lied”twtheexhaust ‘“
—
1~y~.b~ . .,, I

Representativevaluesofthegas-~eltiityparameter~ are ‘-
—

giveninthefollcwhigtableforeeverd.&ilitaryaircraft-engines~ “-_
.3ttake-offspeeds,Thevaluesareb~eediipotia valueof cn OCIUSI
to 2500feetpersecond.

~AveragelRatioof Maxtium
~pistonpiston e*us* -
‘speedIareato valve”

Engine (s) exhaust-flow
valve coeffi-

cie.nt
;;/Q : (%=)

A 3.0G3 5.75 I 0.6C@
B 2860 4.04 ‘ .440
c 2800 4.90 .493.-

METHODOFCALCULATION

G2s-
velocity
parameter

(d)

0,797
775

●-
.292

--
—1

I

~.~~uchas differentialeq,~ijio~s (~~)and (23) ~el~tl~~as-
pzzessureratiotodesi,~ch~acter~.stics~operatingconditions,and
c:misanglecannotbe integrated,ttisneceaearyt-oresorttoan
agw’oximatepoint-by-pointsolution.Inoldertodemonstratetfis
methodofcalculatingthegas-pressureratiosduringtheexhaust
“process,anexe.mplehaabeencalculatetif6~”thefollowingmxnmed
conditions:

Eidtialgas-pressureratioat 80) PO/Fe~ . . . . . . .. . 9.33
Gas-veloclt>-paremeter,&. . . . . . . . . . . . . . . . . . 3.525
Compressionrati_o,Y. .-. .. . . . ...’.. . . ..”. ...7.5
Effectiveexhaust-valveopening,8C,degreesA.T,C.. . .-~. . 1,10
Ejjfectiveexhau~t-vclve.c~osing,Ocjdegrb~~A.T.C.= ...... . . 20
Ratioof apeclflcheats,y . . . . . . . .’. . . . . ,: . . 1.51
Chunkthrowto connecting-rodlengthratio,s/Z. . . . . , . 0.250

ThevariationOfgas-pressureratio withcrank .@n@eduring the
firstpart
sonicflow
ratiowith

#—_

:

—.

—

.—.-
—

—

of theexhaustprocessiscalculated>y equctign(22)for
through theexha~~-yalve.Thechan&eingaa-pres.wre
crankangleat”the‘bffectiveeYJJaust-valve-op@ii.nguIO” ●

.
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..

iscalculatedby equation(22).Multiplicationoftheslope d ‘P’
()s g,

by a smallangu16.riricrementgiveethechangeincylinderpressure
thatoccursduringthatengularincrement.Theresultingpressure
at thenewangle3sthenknownandtheslopeat thenewengleis
calculatedby useof equation(22).Theprocessis,repeateduntil
a crankangleie:reachedatwhichthe’cylinderpressureis suffi-
ciently”lowthattheflow
andequation(23)mustbe
the.gas-pressureratiodt

. .
.

tlirou&hthe”q~ustvalvebecomessubsonic -
usedto calculatetheslope.Thevalueof”
whichtlie”flowbecomessubsonicis““ ‘-”

. . L“
. . . P {Y + 1)7-1 “

Forthevalueoftheratioof specif’icheats 7 assumedinthis
exemple,thevalueof P/Pe is 1.84.Thecalculationsarepre-
sentedintableI forthefirstpartoftheexhaust process.

Whenthegas-pressureratiobecomeslessthan1.84,therest
Of’theexhaustprocessmustbe.calculatedby equation(23)for
subsonicflowthroughtheexhaustvalve.Calculationsgivenfor
thispartoftheefiaustprocessarelisted-in
of gas-pressurpratioagainst
plottedinfi@re 3.

RESULTS.

crankanglefrom

ANDDISCUSSION

tableII: Thec~ve
tables1.endII is .-

An Inspectionof equations(22)and(23)andtheirderivations
showthattheshapeof.thecuve of gas-pressureratio(cylinder
pressure)plottedagainstcrankangleduringtkeexhaustprocess
isdependentuponthefollowingfactors:

Gas-velocitypaxamotep,“~
Gas-pressureratio,P~/Pe
Effectiveexhaust-valveclosingangle,ec”
Effectivee*aust-valveopeningangle,e.
Compre@sicmratio,r
Crankthrowto connecting-rodlengthratio,s/t

Theratioof specificheats y wasconsideredto be invariableand
a valueof 1.31wasused,whichisapproximatelytheaverageval@
of 7 forexhaqstgaseeatthetemperaturesexistingduringthe
exhaustprocess(reference6).

—.
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Eachofthesefactorswasinvestj.gatqd~y varying
overa.suitab.1~rangewiilethe“remaining”fact-orkwere
at thefollowingvalues:

TN No.1242 ,

itsvalue {

heldUx’lstant

Gas-velocityparemeter,””~. . . . . 0..225,0:275;0.325,and0.375
Gas-pressuVeratiio,P~/Pe*.. . . ..... . . . . *’....,.. 9.33
EH’ectiveexhauet-valvedlosiqgangle,@c,
degre6&A.T~C.. . . . . . . . . . . . . . . .“:. .-,.. . . . 5

Wfective.exlhaust-valveopetiing9.ngle,:,60,
“degreesA.T’.C.’..~”. .-. . ..V. . ..-’-..... . . ...110
Com_pres8iun:rat30’,r“.-. i . . . . . . . . . . . . . . . . . . 7.5
Crankthrowtoconnecting-rodlengthratio,S/2. . . . . . . 0.250

Becauseof itsimportance,thefactorg$hasbeeninvestigatedover
a range0S.valuesinallcases.‘

Inasmuchasthegas-pressureratioinWe cyligderneaytop
centerduringtheexhauststrokeisindicativeof the~cellenceof
theexhaustproc’ess.,theeffectofthesefactorsofitheexhaust
proceesis.indicatedby plottingthegas-pra~s~eratio3400A.T.C.
P340/Peagainstthefactorbeinginvestigated,The~le 34@ A.T.C.
wasselectedratherthantopcenterbec&@ fornearlyallaircraft
enginestheintakevalveisnotopenorhasnotb“eenopensuffi-
cientlylongatthispointto affectthecal&latedvalue of thecyl-
hxlerpressure.

Initialgas-prespureratio,PO/Pe.”-Theeffectof theinitial
gas-pressureratioP~/Pe on P34@e isgiveninfigure4, The
rangeof initial,gas-presau%ratiosinvestigatedisconsideredto
be sufficienttocoverconditionsencounteredby compoundedrecipro-
catingenginesoperatingwithhighexhauat.pretisures(low-valuesof
PO/Pe)andbyhighlysupercharged;reciprootitingenginesoperatingat
highaltitudes”(highvalues-of.PO/Pe). Froman inspectionofvarious
indicatorcards(reference7),itwasfoundthat”thestatirdvalue
of l?o/Peequalto9.33at anenginecrankangleof 110°A.T.C.
correspondstoa valueof Pm/Pe ‘approxitite”lyequal”%o1.7. The
value of PO/Po.fora givaneffectiveeti.aust-v”alveopeningangle
shouldvarynearlyinproportiontothe valio& I’m/Pebecauso
themagnitudeof PO variesinproportion.totheairconsumption
which,inturn,isnearly proportionalt~~Pm.

Fromi’igure4 itappe&rsthatforlowgas-velocity“parameters
(~equals0.225and0.275),p~/pehasverj’littleeffecton

.-—

—.

—.—

—-.

—

.-
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P340/Pe forvaluesof PO/Pe up to 15,whichforanenginecrank
angle@ ,lLooA,T,C. correspondsto a ~alueof Pm/Pe a~lkdto
appzdimate~$2.75.Evenforvaluesof ~ correspondingtotake-
offspeeds($ equalsapproximately0.300,,tableI) To/Pe ~H an
lUlimpOrt~t?ffec,tUpon P340/pe“fQ,r”valhes’Of:~~/Pe Up tO 10

“‘ or 12,fihiqh.foranei@ne crankangle.of110°.A.T..Cicorresponds
-.—

toyalWS Of ?m/’pe“equalto,&>~-roxl&tely”~.8to 2.2,“Therefor6j
for’most’ofthe~racticale’~i~ @cratingcgtiitiofia.the”intake
manifoldpressure’~ ~d”the,~ntafi-val~-a “’~, “which
de~eyminethevalueo“fPO; have,lit?ileeffecttipofithe“value’of
p~~O/Pe.Consequently,thereisno correctr8ti&of intake-to,“

>’,.,exhaust-valvti’rm’adnor,:qtheexhaust-valvesize.~e~de.ntupon
theratioof int~e,-to-~tiustpres~urs.H&eveq,figm. 4 also
indicatesttit’forgas-vel~cityparameters’sbrnewh,atgreater.than
tbose~cumentlyinpractice(valuesof $ eq~l ~U0.3.25or:
higher)’”thsinitia”lgab-pressureratio Po/Pe ctinhavea wry~.
significanteffec$on,thevalueof p340/pe~d therefore.t~e~
ratioof”intake-to.exhaust-valveareaandthe.ratioof.intake-
td-exhaustp~ss~ maybe ~fgnif’ic~tconsiderationsunderthese
coniiitions~ ,.

Effective“exhaust-valveclosingangle,cc”.- Theinfluence
of theeffectiveexhaust-valveclosingangle $,conthegas-
p~ss~’ratio P340(Pe,iSsho~ infigure,:4,whichiSplottid‘
on reciprocal-coordiwtepaper,Aoomparison,ofthesecurvesshows
thatforallgas-veloc$typarameters(~ equals0.225,0.275,0.525,
and0.375)~thsgas-prpssureratio p34~/Pedecreaseswithincreas-
ingvaluesof ‘ec. Theaignificm”oeof theeffectiveexhaust-valve‘-
OIOSiWah% on thehackpressure“inthecylinderat th6~take’-
valveopening,ise@ibitedby,therapiddecreesein P340/PeWth
increasing{aluesof (3C,especiallyat thehighspeeds(~ ~qwl
to 0.325and0.375)0Thesignificantconclusiontohe @awn frm
thesecurvesistbat,forhigh-s~edoperationof a“reciprooat~::”
intiernal-combustionengine,th”eexhaustvalveshouldbe c~osed”as“
kte aspossibletoprmo@ effioientcylindercharging.“Notonly
isthegas-pressu.rit’ioP340,@e lowerunderthesec.~tions I
butth6timeavailableforscavengingtheclearancevolume.l~so”
irmreasedthatitappearsdoublyadvantageousto closetheex@ust ‘
valve late- ,,

Effectiveexhaust-valveope~ngangle,60.- tie.,i~.ltience.:
of theeffectiveexhaust-valveopeningangleZOO OD,the”&s-
pressureratio P340/PeIsGiveninfiguye.5.~l’o;,lowvaluesof ..——

.

..
. . .. , .-.

,, ,.
.,,,,
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gas-velocityparameter(~ equals0.225and0.275),lateo en-
rof”the”&diauatyalv&”re@ltsindecreasingvalues@ P340Pe.

Thischaracteristicexistsbecausetheexhaustvalve1S”fufih~”r”open
at a crankangle“e’‘of34@.A.T.C.whentheeffectiveefiaust-valve
open~ngangleoccursnear.’thebotto~.center.(Notethattheeffective
exhaust-valve-clostng&#g@ is.fixed.).Athighenginespeeds,,how-
ever,auffic~eqt,tiue.is.not}ava,ilable”foqtheexhaust-gasestoflow
outofthe,cylinder;.therefore.,althoughtheexhaustvalveisfurther
openat340°A.T.C,,thbcyliriderp&e&~e ishigherthanitwould
havebeenhadthe,&hausti,v,al,veopenednearbottomcenter. This
characteristic-issho~”infi”&me5“bythecurvefor~ equalto
0.325.Forthis’particularvalueof ~, ‘340/peatfirstfalls
offwithincreasi~”valuiii”of ~. becausetheexhaustvalveis
furtheropen.at”340°;Wheneo occurstooclosetobottomcenter,
however,thetimb’a~ailable”fortheexhaustasestoflowoutofthe

?cylinderistoo’diortend~hevalueof P340Pe.increa8es.,,,. ,..-
,.

Forve~yhi& va~uebofthegas-velocl~yparameter”(~ equala
0,375)the.valueof P340/Peincreaseswithincreasingvalues of
Go forallvalues”off@o’investigated;therefore,for.thesegas-
veloci’ty”-par=et’ers””i”tisadvls”ableto opentheexhaustvalveas
earlyaspossibletopromoteefficientcylindercharg:ng.However,
forvaluesof .$ lessthan0.350,changesintheeffectiveexhaust-
valve”openi~gemglgh~velittleeffectuponthevalueof ?340/Pe
and’therefore’’on-.cylindercharging.’.Theviilue‘of @O selectedwill

be determinedby other’’sactorss“uchasblowdownandpumpinglosses,
whichcianalsobe calculated”bytheequationsfor.gaspressuregiven
intlii8”qeport: ““ ~ ~ ,... ,.. .. .. ..-

.
,

I

●

.-.

Compression’ratio,r. - The,effectofchange@ comp&ession
ratio r -’ontlwgas-pressureratio...P3PePe1s..ghownin~igure6.
Forlowgas-velocityparameters.(~ equals0.22,5and0.275),r
hasno effectupon ‘3~OlpejbutforGas-velocitype.itieter”s
slightly,aboveciu-renttake-offspeeds ($ ,e&ual~0.325),’”c-c&pres-
slonratiobeginsto“have“someeffect,thevalue.Ofp34(@e
decreasi~.withIncreasingcompressionratio.Forver~-hi~gas-
Velocity,psyamster$($ equals01”375),‘thevalueof ?340/pe
decreasesconsiderablyw~’thincreasingcompressionratioanditis
thereforeadvafit”kgeotis”tousea highccahpres”etonra~o, Forthe
gas-velocityparameterscurr6ntlyusedinmulitaryaircrd”tengines,

-—

however,theeffect ofthecompressionratioonthecylinderpres-
suresis so insignificantthatthecompressionrationeet3.notbe
consideredind~terminationof theoorrectsize-andtimingofthe
exhawtvalve. .: ‘“.“’:‘“ .---.:--------............... -.,. —. r“

,..

..
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Ratidof crankthrowto connecting-rodlength,% 1.- The
value~f Hit usedinthecalculationsIs0.250.Valueeof 6/2
used.inseveralmilitaryaircrastenginesaregiveninthefollowi~
teble:“ . T

ICrank
throw

Engine a
(in.)

TA 3.ocm
B 3 ● 438
c 3.000—.

.

contlecting-Ratioof crank .,, .
rodlengththrowto

+ ;.’;;”
12:3H I .244

The s/Zratiosdonot~arygreatlyamongemginasaridasthe
ratiohaslittleeffectonpistonmotion,no cyllnder-presm.m
curveshavebeencalculatedfordifferentvaluesof 8/2. .

Relativesignificanceoffactorseffectinge-uet-valvesize.-
As a remzltof theforegoingaualysis,thefactorsthat,affectthe
processcanbe classifiedas si@ificator inalgnificant.These
factorshaveteengroupedinthefollowinglistintheorderof
significance:.

Significantfactorstkatmustbe considered

1.Gas-velo*citypex%meter,4
2.Gas-pressureratio,F’Q/Pe
3.Effectiveexhaust-valveclosing

Insignificantfactorsforvaluesof.#
0.350

--18, 19c ,

lessthanapproximately

-18, ‘o1.Effectiveexhaust-valveopening
2,Compressionratio,r
5.Crankthrowto ccnmecting-rodlerxythratiojs/2

.

..

Recommendedvaluesofgas-velocityparameter,~. - Thegas-
velocityparameter interrela.tea.theeXaawt-waivesizewiththe
pistonspeed,pistonarea,andtheexhaust-valveflowc~fficiant
atmaximumvalvelift.Thus, ifa m~~ valueof ~ Canbe
recaamended,a maximumvalueofenginespeedfora givenvalvesize
orthemimimumsizeofexheustvalverequiredfora giwn Q.W-n?
speedisknown.
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Accordingtothe,yaluesof P340/Pe obtainedfromfigures4 “.
to 6,thecylirider-chaqgi~‘processwouldbe adverselyaffectedby
valuesof # great?rthan0.325becauseot thehighvaluesof
l?340/Pethat.existforthesegas-velocity.parameters.Therecom-
mendationisthere~oremadethatthemaximumvalueof ~ beno
higkerthan0.300to0.3.25,

ACCURACYOFRES71LTB

Theaccuracywithwhi~hthecalculatedresultsofthisanalysis
canbeusedmaybe affectedby oneorallofthefollowingfactors: n

I

1,.

2.

3.

4.

Effectsofei.xhaust“pipes — —
.

Selectedvalueofratioof specificbeats,7

Angularincrementusedin thepoint-by-pointsolutionof f.
thedifferentialequation

Sine-curveapprofirnationoftheexhauet-valveflow .. m.
●.

coefficient,”C

Theassumptionpreviouslystated,whichrequiresthattheexhaust
manifoldbo ofsufficientcapacikyorth@”6xhaustpipe8be stifi-
cientlyshortinorderthattheexhaustpressurePe remainsapprox-
imatelyconstantduringtheexhaustprocees,mustbe satisfied
becauseinertiaeffetittiin lo~”oxllaustpipescancompletelycx;e
themagnitudeofthecylinderpressuresduringtheentireoxha~.~st
process.

Theeffectoftheselectedva?.ueofratioof specificheats 7
onthegas-pressureratio p349/~eis Shown ill figure7 fortwo
valuesof thegas-velocityparameter$. “Forlowval&s ofBas-

.—

velocityparemeter~ thevalueofratioof:fi;.f!~cheats 7 hm
no si[nific&nteffectcmgas-pressureratio : butforhlgheu
ve,luestheeffectbecomessignificant.3ecaueethegastemperatures
andcompositionaresufficientlywellknoirntoenabk a fairly
accurateselectionofratioof specificheats 7 (1.31hasbeen
selectedbasedonmaterialpresentedinreference6),no significant
errorshouldresultfroma smallerrorimth selectedvalueof 7.

TheeffectofangularincrementA8 “tithecalculate-dvalues
ofgas-pressureratioF34@/Peisshowninfigure8 fovthecomplete

.

.
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rangeofgas-velocityparameter~. Forlowvaluesof thegas-
veloc:typarameter~, whichresultin lowvaluesofgas-pressm
ratio P340/pe~theerrorintroducedby calculatingthepressure
curvewith19°intei~alsisofno consequence;ho-wemr,largevalues
ofgas-velocityparameter~ (andhighvaluesof initialgas-
pressureratfo PO/Pe).generallyresultinrelativelylargerates
of changeincylinderpressurewithchangein crankangleneazzthe
endoftideexhauststrokeand,tlaereforeerrorscausedby thepoint-
by-pointsolutionof’the“diffGrentialequfion become2nsi&.nificant
undertheseconditions-,”As allcalculationsforthisreportwero
madeusizz-10°intervals,calculatedvaluesofgas-pressureratio
P340/Pethatarelargegank eqectedtobe.sornewhakl.owor.tti. ,
wouldbe obtainedby anexactsolution,ofthodifferentialequation.

Inorderto showtheeffectofthesine-curveap~~oximation
onthecurveofgas-pressureratioplottedagainstcrankan@e,

----

caiculationsusingtheactualandtheapproxima~wvaluesofthe
. .

flowcoefficientsforengineA areplott@@@ figure9. No Si-gnif-..~ ‘-
icantdifferenc~inthecurvesexists;however,,8-lier,exhaus%-
ValTeclosinganglesthantiv,oseusedopengine.A result~ m.la- ‘“;”‘“
tivelylargedifferencesbetweenthe“actual@ t~”approxtiate - -.
valuesoftheflowcoefficientC atthecrankanglecoi-res~rdi.ng“
togaa-pressure’ratio P~~~/Pe;tiierefoiw,,efiorscausedby the
valve-flow-coefficientapproxhmtioncanbe iimficmt ~ tbe “ ;,..
effectiveexhaust-valveclos~ angle Qc occurstiartop‘centQr.“ ,
Forthesamereason,theresultsof thisanalysiswot~.ldbe inaccu-
ratelyappliedtothosefewengineshavinga variationinexhmst-
valveflowcoefficientthatcannotbe close~y,a~prokimatedby
thesinecurve. ,.

“..

APPLICATIONOFRESULTS .“....

Althoughtheprincipalpurpose,ofthisaqalysis,wasto~ter-.
minethei~lativesign.iftcanceof thevariotisfactorsthat-Iect” “
theexhaustprocess,theresultscanalso.beusedto estimatethg
cylinderpressuxeat 20°,B.T.C.”T%ocylinder~resscreat thi-e ~ .
crankangleisof interestbeta-usehighvalues,indica~ehi@~- ,“
inderbackpressuresat intake-valveopen= andmaytherofozm
explainlowvaluesofvolumetricWficiency.

—
..-.. .

.-
Aa an example,th~cylinderpressureine~ine A at 20°.B;!T~C.. ,,...:

duringtheexhaustprocesstillbe estimatedfrpm$heplotd”f&.~. . -,
initialgas-pressureratio PO/F’ee“qualto 9.33andforan engfie
speeciof3200rpn. Undertheseconditionsth valueofMs-volocf*Y- . .

.. . . .

..” . . .
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pmyi.geter ./ if+I0“.317.Theexhaust-valveclosingangle et is
26°A.T.C;andthe,exlbaust-valveopeningangle 86 is 104°A.T.C.;
inasmuchasthevaluesofactualexhaust-valve-flowcoefficientCA
andthemaximumedmuat-valve flowcoefficientCmax exe0.573and

.* .

0.608,reqmctively,thevalueofeffectiveexhaust-valveclosing
an@e ~ec calculatedby eq~tion(21)is21°. Tromfiguxe4(b)the
calc~latedvalueof P340/?eisfoundto,be1.22.

Resultsof thisanalysiscanalsobe used to determinetheeffect
.

on cylinderchargingof changingthe@au@-valve timi~by sh.ift~
theexhaust-valve-cam. Inthiscaseboththeeffectiveopeningangle
endtheeffectiveclosi~anglearechangedandallotherfactors

..

remainthesame.Theanalysisshowsthatthechangeineffective
exhaust-valveopeningangleisSnsfgnific.ant(rronthestandpointof
cylindercher~ing)andtherefore only the change in effective@wnMt-
‘falveclosingangleneedbe consideredmidthemagnftudeof itseffect

.

maybe obtainedfr,omfigure4. :

CONCLUSIONS ..

H’ thevariationinexhaust-valveflowcoefficientwith.er@no
cradcanglecanbe ap__roximatedby a sinecuxvsandtheeffectsof
exhaustpi~~ andmanifoldscanbeneg”lectedj”thefo”l,lowi~conclu-
sionsc’-bemadeasa resultofana.naly~isoftheexhaustNrooesa
ofa te~icalhigh-speed.poppot-valveengine:

1.Thefactorsthathavea significanteffectupontheexhaust
process are gas-velocityparameter,initialGas-pressureratio,and
effectiveexhaust-valveclosing~leq ; .-

2.The.factors thathavoan insignificanteffectuponthe
exhaustprocess(exceptpcmhaysat extremelyhigh.speeds)aroeffec-
tiveexhaust-valveopeningan@e, compressionratio,andratto”of
crankthrowto connecting-rodlength,

3.Therecommendedmaximumvaluefoi*thegas-velocityparameter
is0.325.

4.Forlar<;evaluesofthe&as-velocit’yparameter(above0.275)
thebestmethodofreducin~thevalueoftbkgee-pressureratioat
340°A.T.U.-isto closetheexhaustvalvelate.

5.Formostpracticale~ine opereting..condi.tionsythdinta!L~-
valveareahasan insignificanteffectupon:theexhaust~“ocess,
thereforethereisno correctratioof intake-toexhaust-valvearea.

—

———

.

..
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6.Formostpracticalengine
manifoldpressuredoesnothavea
exhau5tprocess.

21

operatingconditionstheintake-
significanteffectuponthe

AircraftEngineResearchLaboratory,
NationalAdvisoryCommitteeforAeronautics,

Cleveland,Ohio,October31,1946.
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110 5.33 1.003 o.oo!)—
112 9.],3 .996 .026
115 8.82 .992 .063
120 0.32 .988 .122
L30 7.36 .872 .228
~~o 6.49 .956 .321
150 5.72 .943 .407
160 5.04 .930 .485
170 4.45 .53.5 .559
180 3.9Q .902 .630
1s0 3.45 .089 .698
200 3,05 .8’77 ‘(65
210 2.~L .864 :832
220 2.43 .853 .901
250 2.18 .843 .873
240 1.97 .835 1.050
250 11.86/ I——

—-
5—..

‘Kl~$)(4

0.000
.030
.073
.142
.260
.361
,451
,530
.601
.668
,729
.788
.845
.9U3
.964
1.028

6-.—— -

fl~
-~

-0.636
-.612
-.577
-.520
-.414
-.319
-.233
-.150
-.075
.030
●W
.1%
.233
.319
.414
,~~!)

L

(6)-(5]

.0.~36
-.642
-.650
-.662
-.67’4
-.63C
-.684
-.680
-.676
-.668
.-.654
-.638
-.612
-.s34
-.550
-.508

8

\P
~=

:7)(~)(A6)
-0.20 –
-.31
-.50
-.96
-.87
-.77
‘-.68
-061
-.5s
-.45
-.40
-.34
-.28
-.25
-.21
-.1.7
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TABLE II - CALCIU.T.TZD GAS-PRESSURERATIODURING8EGOI’iDPARTOF EXEWST PROGE%

r(de:A.T.C.)

1

250
260
270
280
2$0

310
320
~so

3’40

——
1.800
1.655
1.539
1.4q
1.396
1.338
i.334
1.316
1.293

I
0.1894 1.~~~ 1.098
.1860 1.228 ‘ 1.170
.1810 1.335

1
1.237

.1755 1.4f?l 1.309

.1706 1.609 1.405

.1666 1.781 1.519

.1638 1.970 1.652

.1614 2.171 1.794

.156’5 2.~~8 l,am
l,24i3\ I

aY=EN3]274’(9’-(:)7.

—.-
6 7II

(6)-(5:

4

7f3-—
fl + f~

0.636 -oxi
.770 -.400
.912 ..325
1.072 -.237
1.241 -.164
1.419 -.100
1.580 -.072
1,.692-.102
1.686 -.202

e

~~=
Pa

(7)(2)(Ae)

-0.145
-.116
-.082
-.061
-.033
-,024
-.019
-.023
-.045
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7.5. -
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0

- Comparison of calculated gas-pressure ratios using actual and approximate .
exhaust-valve flow coefficients for engine A. Effective opening angle, 1090 A.T.C,;
effective closing angle, 210 A.T.C,; initial gas-p~ssure ratio 9.33 at tl?* act~~ u
opening angle, 104° A.T.c.; compression ratio, 7.5; gas-veloc!ty paramet.e?,0.297.
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